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The following properties were determindd from tests on
duplicate 1ongitudina1 and transverse specimens from aluminum

alloy‘RSOl ghests with nominal thicknesses of P. 020 0. 032,
and 0,064 inchs  ~ ¢ . D

v — s e

: Tensile and .compressive stress—strain ,eraphs and
stress—deviation ‘graphs of sheet in the T aondition
to a strain of ahout 1 percent .
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Graphs OE tangént modiius and ot reduced modulus'_
'fbf’a rgctahgular Eéction yersus strain in, compression L
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Tensii streas—stra}n graphs to. failnrp of sheet
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1"’Lobai elongation' nal elongé%ion versus” gage 1en 3h
for tenslle specimens from sheet in the W condition and
in the T condition tested 4o :fracture

The stress—strain, atress—deviation, tangent—modulus, and
reducedrhodulusgréphg vafe plottbd on' a”"diménsidnless basis.
to fake.théiresultsa of A7 1imifed nuniber of' tésts applicable
to materidls with similatsstréss—atfain curve§ and with-
yield stnengths:whieh™differ’from: those &f the " to8t §pe6i—
men8; An-exdmble:.is-given. to illustraﬁe how th%éé graphs'

may be use&ud~q* GLT  m BT g -uJ. o fe:r ;
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This»repezt te- the firsty. of ‘a"sefifes ‘preddnting &ata
obtained on high-atrength eluminum alloy ¢ ‘sheety ' 'ThHe ‘data



2 S | . NAGA TN No. 1010

are assembled in the form of tables and graphs similar to A
those presented for steels ané for earlier aluminum alloys

in reference 1 and for a magnesium glloy in referense 2.

The graphs are presented in dimensionless form t0 make them
applicable t0 specimens of these materials with yield strengths
which differ from those of the test specimens, The scope of
the data has been extended as compared with references 1 and

2 to include tensile stress-strain curves to failure snd

curves O0f elohgation as a function of gage length. The ten-
sile stress~strain curves to failure are useful for computa-
tion of epring-back after forming; they also indicate to°

some degree the ability of the material to absord energy be-
fore rupture, The local elongation data were included be-~
cause of thelr usefulness in computing minimum bend radii

for forming operations., (See reference 3.) All data are

glven for duplicate specimens,

The report gives the results of fésts-on aluminum alloy
R3Z01 shéet, in thicknesses of 0,020, 0,032, and 0,064 inch,
supplied by Reynolds Metals Company. :

The dimensionless graphs were derived from data obtained *
in tests for the Bureau of Aeronautics, Navy Department, The
permigelon of the Bureau of Aeronautics for the use of these
data 18 gratefully acknowledged, The author also expresses
his appreciation to Mr. P, L, Peach and Mrs. P. V. Jacobs,
who assisted in the testing and in the preparation of the
graphs, o T -

This investigation, oconducted at the National Bureau of
Standards, was sponeored by and conducted with the financial
asslstance of the National Advisory Committee for Aeronautics,

o
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MATERIAL

The.  sheets were of Reynolds aluminum alloy R301 in the
"W' (quenched) condition and in the "T" (artificially aged)
condition as furnished by the manufacturer. This alloy 1is
normally supplied in the cladded form. The percentage of
cladding on each side varies with thickness as follows: 10
percent for sheet up to 0,024 inch thick, 7.5 percent for
sheet 0,925 to 0,040 inch thick, 5 percent for sheet 0,041 ~ -
to 0,102 inch thick and 2.5 percent for thicker sheet. Tests
were made on sheets nominally 0,020, 0.032, and 0,064 inch
thick which were taken t0 represent sheet with cladding on .
each side amounting to 10, 7.5, and 5 percent, respectively,
of the sheet thickness,
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1 % DIMENS IONLESS GRAPHS

Teat Procedure

Tengile tests were made on two longitudinal {(in direc—
tion of rolling) specimens and on two transverse (across
direction of rolling) specimens for each thickness of shest
in the T condition. The specimens corresponded to type
5 specimens described in reference 4.

The specimens were tested in 2 beam—and—poise, screw—
type, testing machine of 50-kip capacity using the 5—kip
range. They were held in Templin grips. The strain was
measured with a pair of Tuckerman l—inch optical straln gages
attached to opposite sheet—Ffaces of the reduced section.

The rate of loading was about 2 ksi per minute.

Compressive tests were made on two longitudinal and two
transverse specimens from each sheet. The specimens wsere
rectangular strips 0.50 inch wide by 2.25 inches long.

The compressive specimens were tested between hardened
steel bearing blocks in the subpress described in reference
5, in the testing machine used for the tensile tests.

Lateral support against premature dbuckling was furnished by
lubricated solid guides as described in reference 6. The
strain was measured with a. pair -of Tuckerman l—inch optical
strain gages attached to opposite edgeffaées of the specimen,
The rate of loading was about 2 ksi per minute.

Test Results

The results of the tensile and compressive tests are
given in table 1. ZEach value of Young's modulus in the
table was taken as the slope of a least—squaere straight line
fitted to the lower part of the stress—strain curve. The
vyield strengths, offset method, were obtained from the stress—
strain curves and the experimental values of Young'se modulus.
The yield strengths, secant method (0.7 E) and (0.85 B),
were obtained from the stress—strain curves and values of
secant modulus, respectively, 0.7 and 0.85 times the ex—
perimental values of Young's modulus.

L e



. . - B NACA TN No. 1010

Stress-Strain Graphs

The stress=-strasin graphs are plottéd in dimenslonless form in
figures 1, 2, 8, 9, 15, and 16. The coordinates ¢, ¢ in these
graphs are defined by o

. Es‘ ) E__:_g :.
c =& . . 3 e
sl N -~ 4, <. . 7 Bl ’
where I
s 8 f ress corresponding to straln e ' ——
s, 0. 7 E secant yleld strength ' _ | N - _
E --'Ybung's modulus R : o s !

Stregsteviation Graphs.

Dimensionless stress-deviation graphs are shown in figures 3,
4y 10, 11, 17, end 18. The ordinales ere the same as -for the stress— _ -
strainigfaphs.' The abscissas are the corresponding values of-
& ="¢ =d. All the curves intersect at the. point -8 := 1, & = 3/7, -
which corresponds tc the 0,7 E seoant ¥yisld strength. This point <
is inchated on the graphs by a short vertical line. : g :

The pranhs weré pJotted on log-log paﬂer to. erlcate whlch :
portion of the stress—stralq curves can be represented by ‘the ana- = e
lytical expression

() o )

ok
1

giveﬁ.ip;referenée=¢. Thls relatibnshin holds whers the plot of
deviation against stress on log—log paper is & straight line, for

log (% - E) =log K +n log E

S ow - aw

or o
. 31 -1 . - -, .
log (¢ - O} =log'l‘;('§?j] +n log T-- -

The graphs indicate that the relationship holds for the.;ompre— :
give spacimnﬂd epd far the longitudinel tensile specimens, for &
values of 8, > s /s.,  where s, is the 0.85E secant yield

strength. For these, Ehe ratios 31/53’ given inm tzble 1,
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can be used to obtain values of the shape parameter n as
shown in refbrencte 7. Other straight lines can be drawn on
these grdphs from which values of k¥ =and n ‘cegh be ob—
tained for anslytical expressions which fit more“"closely
other parts’of the stress—strain graphs.

Tangent—Modulus—Strain Graphs

Dimens'ionless tangent—modulus—strain graphs are shown
in figures 5, 6, 12, 13, 19, and 20, The ordinates are the
ratios of tangent modulus B! to Young's modulus. Each
value of fangent modulus was taken as the ratio of a stress
increment to its .strain increment. The absclssas were the
mean values of € for the strain increments. Only a few
values of tangent modulus were computed at the upper end of .
the range used for the Young's modulus determinstion,

The graphs show no evidence of a eecondary modulus,

Reduced—Modulus—Strain Graphs

Dimensionless reduced—modulus—strain graphs are shown
in figures 7, 14, and 21. The ordinates are the ratids of
reduced modulus for a rectangular cross ‘sestion Er to
Young!s modulus, .and the abscissas are the correspohding
values of ¢. The curves were derived from the correspond— :
ing tangent—modulus—strain curves using the formula.

.-Er — --‘.431_/]3 . )

(1 + «/E‘/TE')*

'PENS ILE STRESS—STRAIN GRAPHS T0 FAILURE

Tensile tests to failure were made on two longitudinal
and two transveérse specimens from sheets of each thickness
in both the -'W and T .conditions. The specimens corre—
sponded to type 5 specimene deseribed in reference 4. '

The tests were made in fluid~support Bourdon—tube
hydraulic testing machines having Tate—Emery load indica—
tors. The specimens were held in Templin grips. They were
tested at a cross—head speed of about 0,1 inch per minute.
Autographic load—extension curves were obtained with a Templin
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type stress-strain recorder using a Peters total elongation exten-
someter with a 2~inch gage length &nd a mdgnification factor of 20.

Stresses based on the orlginal cross section and the corre-
spond:ng straing baged om the originel gage length were determined
from these curves. The data for the portion at and beyond the knee
of each curve were comblned with corresponding stress-strain data
on duplicate specimens on which strain had been measured with
Tuckerman optlcal strain gages.

The resultjng stress-straln curves are shown in. flgures 34 to
36. Vealues.of tensile strength and elongaticn in 2 inches are -
given -in the tables accompanying sach figure. The values of elon-

gation usually corvesponded to .a strain of about 0.006 lesa than__' s

the. maximum recorded strain under load

LOCAL ELONGATION GRAPHS

Procedure

Photogrid measurements (reference 8) were mede .on two 1ong1-
tudinal and two transverse tensile specimens from sheets" of ‘sach

thickness in both the ¥ and T. conditions. The specimens COrre; _’;

sponded to type 5 spe01mens degcrrbed in reference 4 ,
A.grid was photographed on one side ofeach specimen. The
negative wag made from.a master grid ruled at the National Bureay
of Standards. The grid spacing was 0.250 millimeter (approx.
0.01 in.)., The width of the lines was about 0.015 millimeter. A
survey of a photographic negative vbtained from the master grid
indiceted that the spacing' of lines wag constant within 0,003 milli-~
meter or within 1,2 percent. In the middle region where readings
on the specimen were taken at each line, the spacing wag constant
within 1 percent.:‘a:Suriey of- the photogrid on a specimen indi-
cated that—the constancy of spacing vas of the same order,

Some of the rspecimens  werecoated wiith fhotoengraving g te,
but most: of them were coated with.coldrtop:énamel. The“Jabter -
seemed-to-be- less eritical -to exposure-time and ghve printe which -
were usually. eagiex:te measurse!near.-the ‘fracturs- than werfe the
prints obtained with the glue.

N I T TRy S T T b LT TN (LR L o
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" The- sﬂ%cimens webh held “¥n. %eﬂprin g?ips Hnd were ., "
fractured fn e testllg WacHine af a ross—head speed of about
0.1 inch per minute, _ T e

]

Measurements of grid spacing along a longitudinal line
were made on the fractured specimens. In order to obtain
accurate measurements at the fracture a line was chosen
which was crossed:bys-the, fxracture -as nearly at right angles
as possible in; the:middle $hird of the spacing between two®
adjecent lineg,. rWhere:dhe fracturewhs lntersected by a’s N
region in.which. no&iceable neckingihad thiken place, the Tin®
was chosen to passTthrough the intersection. Usually the '~
line was negr,the.middle. of bthe specimeny: it weas in’ no éas'e
less than 0,11 ;nch from an_ edgey -, v o . Teooqelane-s

- LR

, r'=“‘n.‘” " ,'.g" --(‘,--' "
The measunemants of grid spacing'were made with a Zeiss

messuring microscope.st a .magnification of B6 diameters. The

instrument.was rgads-to.0.,001, millimeter (0 1 division on thé

barrel). R . . I I

(3

The spegimen was:.alined pardilel witHithe micfometer
serew of the miqrasqqpe. ~Readingd -were taken along the’
sélected ,iing .gt the.edges.of the fracture, at each intér—
section_for .about: 20, .gpaces egeh imtde of the fracture and
from theqe on aﬁtintarvwlsroﬂwsatfnesh, 10 spaces to the
ends of the gage length, At legst tworeddings were nade o't
each place. At the fracture and throughout the reglon of
apprecipghle nechking dupl:iocate readihgs: ‘wier'e made by two 3
independanQrobsarvers.. The nominml’ spacing:- ‘before applica— :
tion of load, was. subtracted. from tthe lengbhs: thus determine& _

RN

-~

to ohtain the local-elongatians..-e=:\:~ R
coprbye o e ceon o mF Rlgaed AT
. chal ElongatiomwGraph§ IS
";;' g0l TR TR 34

' ‘:;P ~ . ’ :

The, local elongations. 1n psnnent 6f the’ original spacing,

plotted against the - distanch:beforb: teat F3bm ohe enld of ‘the

gage length, are shown in figures'zzf B4yl REY, %é, Bb, anﬁ 32
Crarafial o aefd @ LEageen

The fracture in each case occurred in the grid spacing
in which the greatest elonggt%gg\;ook placs.

0 e ol Dbl muviY

h Y] o !
‘wizy.. Blongatidn vafsud°dage iength'Graihs
f ' ) h e i % r"‘:_',.:',';: PR
The élongstions  in percedtis#’ in§ 8 bEinaT gage length
were computed for varlous gage lengths frg%‘the local elonga-—
tion data} -“Thege values &re-pidtfed sgzainst gage length in

dx- ciw blaly damnna dOVL0 w0 rib
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figures 23, 25, 27, 29, 31, and 33, The gage 1engths were -

plotted to a logarithmic scale to preaent a 1arge range of

LTS .-r X
.__

values on a single graph. B o LTy

. DISCUSS ION
L R T N oo

The dimensionless stress-strain.graphs for 'specimens
taken in thé 'sdme direction in.the sheet and for the same
kind of loading fell within narrow bands (fiigs, &7 and . gsj,
even though the various sheets differed in percentage of
clegdding and-differed in yield strength.uvp. tO"E/g percent.
The maximum width of band in terms of oO. was 0.013 in
tension and 0.022 in compression, While part of thia spread.
may be attriduted to experimental variations, mosft of it was
due to differences in shape between the graphs for the wvari-
ous sheets, Stress—straln graphs of the Aame shape, or.lin—
early affine stress~strain graphs, should form ga common.
curve when plotted as O versus: €.

R

The limits within which the curves shown in the com— ' % .
pressive tangent-modulus—strain graphs (figs.. 5, 6, 12, 13,
19, and 20) fell are shown in figure 39: similar graphs for
reduced modulus for a.rectangular section are showq_in flg—- "
ure 40. The ‘m&ximum spredd . in values of E'/E or of Ey/E
for any of~the"bandsfwaa 0,064, .- . . .

It should be noted that each get of maximum end minimum
values shown 1is based on-tests of .6. specimens, It is likely
that tests on a much ‘larger number of specimens would give
stregsg—etrain graphs differing sufficiently from these in
shape t0 cause the bands to be somewhat wider,

Thé graphs of figures 37 to 40 are useful fer estimat—
ing values of stress, strain, tangent modulus, and reduced
modulus, for R301—~T sheet between 0,020 and 0.064 inch in
thicknees, for which Young's modulus,and the gecant yield
strength’' in the desired direction ars given.. This is illus—
trated in detail by the following example, .., . S

P

ExaMprz »:;E S,
Given 0,051 inch R301-T gheet with a Youﬁé's modulus " :
for longitudinal tension =~ E = 10,500 ksi m ﬂ#;
B for 1ongitudina1 compression :E = 10,750 kci- |

and with a 0.7 B secant yield strength o . '
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for 1ongbtud%hal*tmnsinn : Su = 62 O ksi

AR IR ¥ o IS S

for longitudinsl compression 8y = 61 5 kai

Estimate 1ongitudina1 tensile and compressive strain
and 1ongitudin%} tangbnt poﬁulus and reduced modulus in
compression for a stress s = b6 ksi.

A 2%

The stress 8§ = 55 ksi'”corresb&gﬁghﬁawégihégfdf“ o -

B
- “ t

Longitudinal tensi%n L

s/s, = 55.,0/62.0 = 0.88%

s/s; ¥ 66,0/61.5 = 0,894 15

i}

Longitudinal compreseiéh' o]

The corrssponding values of ¢ should 1}e_inside the hori-
zontally hatched bande of figures 37 and 38% iTh;q_givgb--e

c min £max ) €av
Longitudinal tension 0.887 0.940 0.946 0.943
Longitudinal compression .894 ' .970 1.016 .892

The strains are related to € Dby

g,€/E = 62.0€¢/10600

Longitudinal tension e

0.00590¢

Longitudinal compression e = g,¢/EB = 61,5¢/10750 = 0,00672¢

Substituting the above values of € in these relations gives

€min Cnax Cav
Longitudinal tension 0,00555 0.005568 0.00558
Longitudinal compression . 00555 .005680 ;00567

The tangent modulus and reduced modulus ratios ars given
by the horizontally hatched bands in figures 39 and 40. With
the ebove average value of ¢

e (B'/B) , (BY/B), . (E'/E),y
Longitudinal compression 0,992 0.42 0,47 0.46

€ (Er/E)min (ET/E)max (ET/E>av
Longitudinal compression 0,992 0.62 0,66 0.64
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The estimated values of tangent modulus and of reduced
modulus are obtalned by multiplying the above ratios by
E = 10,750 kesi,. This. gives: :- lrwrte
ST R A S IS G N T IV R S
SN S RN 2 - K r . 8 yed 2 L1 RN
RO R T .,s:: (B >Ei£ ;S%’) el SE )ﬁf;ﬁhq;yn
Longitadinal compresglon 55 4500, . , 5100 . ..4900Q ksi
o ' ?u r(yr)min &Erlmax -,gﬁr)av
Longitudinal compression 55 6700 .1+ 4:.7100: 1..;F6900 kst
‘ . N : R SRR B ol S
National Burean ofvStandards.n.
Washington, D, C,, June 1, 1945,
I X N
! - =3t g} cior tafc el o
N v [\ . \ ¥ ooy ferdhomivanld
L 1. Y ‘ T e
T } LRI ‘o v~ | A 3P
- )y TN < g Lot :
! L Lo ¥ ‘s B AT~ S The H ' )
] ; . i [ .'r:- ~ y Y P .,;-l _
, EEREA T - R oty C -
i ‘-|r 3 “
S, d mekuaget o e waraslodes
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ble ts of tensile and compregpive tests on alumfjum all sheet,
: Yield st o :
Spec. Yest Direction |Thickness| Young's | offset secant hethod | /85| Tendile -|Rlonzat 1on
Roe 9 mod.uiua‘[ x(nethod . M [ I3 - . | strength| in 2 in,
e of{ant { - - ’
_ .. = 0.2) (0.7:) (a.as:) |
*‘*‘i ‘kiP li;z ki-bfinoz hf't ?‘ kips, 1113 roent
16=~T1L nsile [Longitudinel| 0,0198° 560 68. k%E { ;5 é&ﬂh. 1,028 %758. re .
16-12L " » .0198% 10 490 Sl 605 [0 60.8 1 .| 1029,) 67.5 9,0
16-717 " Transverss 0197+ |10 1490 58,3 | 58,8- _' ss.a« | 1.066| 66,4 | 10,5
16121 " . .01987 |.10, 560 58,3, | 56,9. [ BS,0. | 1,072| 66,1 .| 10,0
16-C1L jCompressivajLongltud inal .0197;-; .10,780 eo.s: 61,4 | 57,3 1.072] - | =
16=017 s ITransverse 0197 10.730 - sa_.s' . 62,9 | 60,2 1,046 - -
16=027 L] " .0197 -10 .73) 1~ 63.2_"‘ * ~§203 1 60,2 . 1.0‘3 - -
y :: ‘,: , . . )-,_ - ; . . . -- - -
18.m1r, | mengile lronsttnatwen! o311, Dl084n 184 Poez el 821 1.9;_3 70,9 "1 10,8
18-22L " " JO0311% 110,490 | 63,00 | 63,4 | 61,5 1.031 | 70,8 -| 10,0
18-7T17% . Transverse 0312, | 10,470 | 60,6. | 61,4 | 57,7 1,065 | 60,2 7| 11,0
18727 s " 03117 | 10,480 | | 60,2 |' 81,0, { 5%l 1,068 | 69,3 ~| 10,5
18-ClL Gompressve|Langi tudinel| ,0311 . | 10,750 642" | 4.6 | 59,4 1,087 -~ -
18.02L . . 0311 110,740 | 63.2 64,5 | 9.3 1,087 - -
18-(1T " Transverse #0812 10,7%% | 64,9 65,9 | 62,6 1,058 | = -
18-(2% . . J03125 0 10,790. | 64,6 | 65.5 | 62.4 1080 | e ] =
:r :%' : ) . o L. ] i
Ou13L | Tensils |Longitudinel| 0630 j' 710,580 - | 62,3 | 62,6 | 6l.2. 1.024 | 68,8 | 11,0 T
o-g2( - ® . 060017 10,5807 | 64,5 | 62,8 | Bl.4 1034 | . 68,8 '] 11,0 7
S.TLT = Frangvarge +0030 _': #. iﬁ,‘sﬁ 59.3'.. . Ew.* 56,9 1,082 6By3 10,5 i~y
928 " . 0682 | 10,59, |- 60ué f 60,9 | 57.5 1,069 | “68,7 " | 10,6 -
9-ClL [Comprestive/Longitudinal | .0631 | 105790 | 6l | 62,1 | 58,7 1,067 - | - 3
9021, . " J0631: { 105800~ | 61,6 62,2 |.58,8 1.057 - - .
9-c1? . irx-amwm-no 0632 110,870; | 645 | 65,1 | BT 1,038 - -
SelZT 2 e 0630 | 10,8207 | 68.8° j T4.é | 620 1,035 - -
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Figure 1. Dimensionmless stress-strain graphs, alumimm alloy R301-T,

longtitudinal specimens 0,020 in, thick.
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Figs. 3,4
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Tigure 18. Dimensionless siress-deviation graphs, aluminum alloy
R301-T, transverse specimens 0,064 in, thick,
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Figs. 19,30,21
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Figs. 30,31
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Figore 39. Limite of dimensionless compressive tangent-
modulus-gtrain graphs, aluminum alloy RZ01-T
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Figure 40, Limits of dimensionless reduced-~modulus-strain
graphs for rectangular sectlions, sluminum alloy
R201-T sgheets 0,020, 0,032 and 0,064 in, thick,



